Thyroid transcription factor 1 (TTF1) plays crucial roles in thyroid, lung, and developing brain morphogenesis. Because TTF1-expressing neoplasms are generated from organs and tissues that normally express TTF1, such as the thyroid follicular epithelium and peripheral lung airway epithelium, TTF1 is widely used as a cell lineage-specific and diagnostic marker for thyroid carcinomas and for lung adenocarcinomas with terminal respiratory unit (TRU) differentiation. However, among lung neuroendocrine tumors, small-cell carcinomas (small-cell lung cancers (SCLCs)), most of which are generated from the central airway, also frequently express TTF1 at high levels. To clarify how SCLCs express TTF1, we investigated the molecular mechanisms of its expression using cultivated lung cancer cells and focusing upon neural cellspecific transcription factors. Both SCLC cells and lung adenocarcinoma cells predominantly expressed isoform 2 of TTF1, and TTF1 promoter assays in SCLC cells revealed that the crucial region for activation of the promoter, which is adjacent to the transcription start site of TTF1 isoform 2, has potent FOX-, LHX-, and BRN2-binding sites. Transfection experiments using expression vectors for FOXA1, FOXA2, LHX2, LHX6, and BRN2 showed that BRN2 substantially upregulated TTF1 expression, whereas FOXA1/2 weakly upregulated TTF1 expression. BRN2 and FOXA1/2 binding to the TTF1 promoter was confirmed through chromatin immunoprecipitation experiments, and TTF1 expression in SCLC cells was considerably downregulated after BRN2 knockdown. Furthermore, the TTF1 promoter in SCLC cells was scarcely methylated, and immunohistochemical examinations using a series of primary lung tumors indicated that TTF1 and BRN2 were coexpressed only in SCLC cells. These findings suggest that TTF1 expression in SCLC is a cell lineage-specific phenomenon that involves the developing neural cell-specific homeoprotein BRN2.
Thyroid transcription factor 1 (TTF1) plays crucial roles in thyroid, lung, and developing brain morphogenesis. Because TTF1-expressing neoplasms are generated from organs and tissues that normally express TTF1, such as the thyroid follicular epithelium and peripheral lung airway epithelium, TTF1 is widely used as a cell lineage-specific and diagnostic marker for thyroid carcinomas and for lung adenocarcinomas with terminal respiratory unit (TRU) differentiation. However, among lung neuroendocrine tumors, small-cell carcinomas (small-cell lung cancers (SCLCs)), most of which are generated from the central airway, also frequently express TTF1 at high levels. To clarify how SCLCs express TTF1, we investigated the molecular mechanisms of its expression using cultivated lung cancer cells and focusing upon neural cellspecific transcription factors. Both SCLC cells and lung adenocarcinoma cells predominantly expressed isoform 2 of TTF1, and TTF1 promoter assays in SCLC cells revealed that the crucial region for activation of the promoter, which is adjacent to the transcription start site of TTF1 isoform 2, has potent FOX-, LHX-, and BRN2-binding sites. Transfection experiments using expression vectors for FOXA1, FOXA2, LHX2, LHX6, and BRN2 showed that BRN2 substantially upregulated TTF1 expression, whereas FOXA1/2 weakly upregulated TTF1 expression. BRN2 and FOXA1/2 binding to the TTF1 promoter was confirmed through chromatin immunoprecipitation experiments, and TTF1 expression in SCLC cells was considerably downregulated after BRN2 knockdown. Furthermore, the TTF1 promoter in SCLC cells was scarcely methylated, and immunohistochemical examinations using a series of primary lung tumors indicated that TTF1 and BRN2 were coexpressed only in SCLC cells. These findings suggest that TTF1 expression in SCLC is a cell lineage-specific phenomenon that involves the developing neural cell-specific homeoprotein BRN2. Thyroid transcription factor 1 (TTF1), also known as thyroid-specific enhancer-binding protein (T/EBP) or NKX2.1, is a homeodomain-containing transcription factor that plays crucial roles in thyroid, lung, and developing brain morphogenesis. [1] [2] [3] TTF1 is responsible for the transcriptional activation of thyroglobulin, thyroperoxidase, and thyrotropin receptor in the thyroid and of surfactant and Clara cell secretory proteins in the lung. [4] [5] [6] In the normal adult lung, TTF1 is stably expressed in peripheral lung epithelial cells such as nonciliated bronchiolar epithelial cells (Clara cells) and type II pneumocytes and bronchiolar basal cells. 7 TTF1 expression in tumors is exclusively found in lung and thyroid tissues. 8, 9 Among lung cancers, 470% of adenocarcinomas express TTF1, whereas TTF1 expression is found at a very low frequency in squamous cell carcinomas and large-cell carcinomas. [10] [11] [12] Most lung adenocarcinomas arise in the peripheral airway, and it has been reported that lung adenocarcinomas with terminal respiratory unit (TRU) differentiation (nonciliated bronchiolar epithelial cell-like and/or type II pneumocyte-like cellular morphology) reveal frequent TTF1 positivity. 12, 13 Therefore, TTF1 is used as a lineage marker for TRU in lung carcinogenesis and as a diagnostic marker for lung adenocarcinomas with TRU differentiation.
Small-cell carcinoma of lung (small-cell lung cancer (SCLC)) is one of the most aggressive neoplasms in humans and is categorized as a neuroendocrine tumor. 14 SCLC is often generated from the central airway epithelium, which does not express TTF1, in contrast to most lung adenocarcinomas. 14 However, paradoxically, 490% of SCLCs express high levels of TTF1. 15 To date, the expression mechanism of TTF1 in SCLC has been unresolved.
The diverse cell types present in adult organisms are produced during development by the action of cell lineagespecific transcription factors that define cell type-specific gene expression patterns. Transcription factors activate or repress gene expression by recognizing the sequence of DNA base sequences in gene promoter regions. It has been reported that TTF1 promoter activation in human peripheral lung epithelial cells and mouse lung adenocarcinoma cells is maintained by the combinational or cooperative actions of transcription factors such as forkhead box A1 (FOXA1, also named hepatocyte nuclear factor 3a (HNF3a)), FOXA2 (HNF3b), and GATA6. 16, 17 Although the SCLC cell of origin has not been formally identified, there are some reports supporting the hypothesis that cells of the neuroendocrine cell lineage give rise to SCLC. 18, 19 These reports imply the existence of a neuroendocrine cell lineage-specific expression mechanism of TTF1 in SCLC.
SCLC overexpresses a proneural cell-specific transcription factor, achaete-scute homolog like 1 (ASCL1), suggesting that SCLC possesses developmental neural cell phenotypes as well as neuroendocrine phenotypes. 20 Because TTF1 is an important transcription factor for fetal diencephalon morphogesesis, 1 there is a possibility that TTF1 expression in SCLC is regulated by developmental neural cell-specific transcription factor(s). The POU domain family of transcription factors is essential for organ development, and class III and IV POU domain transcription factors are strictly expressed in the developing nervous system. BRN2, a member of the class III POU domain transcription factors, has been reported to play crucial roles in the development of the endocrine hypothalamus, which is a part of diencephalon. 21, 22 A previous report that BRN2 is expressed in SCLC indicates a possible role of BRN2 in TTF1 expression regulation in SCLC. 23 Cellular phenotypes are stabilized by epigenetic modifications that allow for the faithful transmission of cell typespecific gene expression patterns; DNA hypermethylation often occurs in cancer cells and is important for gene silencing in carcinogenesis. 24 Because TTF1 plays a crucial role in organ development and because the TTF1 gene promoter possesses CpG islands, the TTF1 gene may be epigenetically modified. It was recently reported that TTF1 expression deficiency in thyroid cancers is caused by epigenetic modification in association with cancer progression. 25 However, there have been no studies on TTF1 gene methylation in lung cancers.
To elucidate the mechanisms by which TTF1 is expressed in SCLC, we searched for key transcriptional factors that regulate TTF1 expression and investigated possible epigenetic modifications of the TTF1 gene. Here, we present data showing that BRN2, an important transcription factor in neural cell differentiation, is expressed and activates the TTF1 gene and that the TTF1 promoter is not epigenetically modulated in SCLC cells.
MATERIALS AND METHODS Cultured Lung Cancer Cells
In all, 16 human lung cancer cell lines were used in this study: 8 small-cell carcinoma cell lines, TKB12, TKB15, TKB16, TKB17, Lu134A, Lu135, Lu139, and H1688; 4 adenocarcinoma cell lines, LC2/ad, H441, TKB14, and A549; 2 squamous cell carcinoma cell lines, TKB4 and TKB7; and 2 large-cell carcinoma cell lines, TKB1 and TKB5. [26] [27] [28] [29] [30] [31] H1688, H441, and A549 were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA), and LC2/ad was obtained from the Riken Bioresource Center (Ibaraki, Japan). Non-small-cell lung cancer (NSCLC) cells were cultivated in Dulbecco's modified Eagle's medium, and SCLC cells were cultured in RPMI-1640 medium. The media were supplemented with 10% heat-inactivated fetal calf serum, 100 U/ml penicillin, and 100 mg/ml streptomycin. The cells were maintained at 37 1C in 5% CO 2 .
Western Blot Analysis
Whole-cell lysates (50 mg protein/lane) were separated on 12.5% SDS-PAGE gels and transferred to nitrocellulose membranes (Schleicher & Schell, Keene, NH, USA). The membranes were blocked for 1 h at room temperature with 1% skim milk in PBS containing 0.1% (v/v) Tween 20 (PBS-T) and then incubated with diluted mouse monoclonal anti-TTF1 (M3575 clone 8G7G3/1; Dako, Copenhagen, Denmark), goat polyclonal anti-FOXA1 (sc-9186; Santa Cruz Biotechnology, Santa Cruz, CA, USA), goat polyclonal anti-FOXA2 (sc-6554; Santa Cruz Biotechnology), goat polyclonal anti-LHX2 (sc-19344; Santa Cruz Biotechnology), rabbit polyclonal anti-LHX6 (sc-98607; Santa Cruz Biotechnology), or goat polyclonal anti-BRN2 antibody (ab101726; Abcam, Cambridge, UK) for 1 h at room temperature. The dilution ratios of the primary antibodies were 1:1000 for TTF1, 1:2000 for FOXA1, FOXA2, LHX2, and LHX6, and 1:5000 for BRN2. After three 10-min washes with PBS-T at room temperature, the membranes were incubated at room temperature for 30 min with a diluted peroxidase-labeled secondary antibody against mouse (NA931V; GE Healthcare, Buckinghamshire, UK), goat (sc-2741; Santa Cruz Biotechnology), or rabbit (NA933V; GE Healthcare). The membranes were then washed three times for 10 min with PBS-T at room temperature, and immunopositive signals were visualized using an enhanced chemiluminescence detection kit (ECL; GE Healthcare). Mouse monoclonal anti-b-actin (A5441; SigmaAldrich, St Louis, MO, USA) was used as an internal control. The anti-b-actin antibody was diluted 1:10 000. 
TTF1 Promoter Assay
Luciferase vectors (pGL4.10luc2; Promega, Madison, WI, USA) containing TTF1 promoter fragments of various lengths were constructed. The promoter fragments were generated using PCR amplification with specific primer sets (Table 1) , genomic DNA extracted from TKB15 cells, and a TaKaRa LATaq DNA polymerase (Takara, Shiga, Japan). The PCR products were cloned into pT7Blue (Novagen, Madison WI, USA), sequenced, and inserted into pGL4.10luc2. For mutational analyses, a segment containing the full-length promoter sequence of TTF1 was removed using KpnI and Aor51HI and replaced with synthetic double-stranded oligonucleotide inserts containing mutated sequences.
Changes from the wild-type to mutant sequences (sense strand) were as follows: TGTTT to GTAGA for the potent FOX-binding site and TAATT to TCCTT for the potent LHX/ BRN2-binding site.
The cultured lung cancer cells were transiently cotransfected with the promoter sequence-inserted luciferase vectors and the control vector (pGL4.74TK; Promega) using FuGENE6 transfection reagent (Roche Molecular Biochemicals, Indianapolis, IN, USA) according to the manufacturer's instructions. The cells were seeded at 50% confluency in sixwell plates, cultivated for 24 h, and then cotransfected with 1 mg/well reporter plasmid vector and 50 ng/well pGL4.74TK. After 24 h, the cells were washed three times with PBS, and cell lysates were prepared and subjected to luciferase assays. Luciferase activity was measured using a luminometer (Turner Biosystems, Sunnyvale, CA, USA) and the DualLuciferase Reporter Assay System (Promega) according to the manufacturer's instructions. The data reflect the mean þ s.d. from three independent experiments performed in triplicate.
Reverse Transcriptase-PCR (RT-PCR) and Quantitative RT-PCR (qRT-PCR) Total RNA was extracted from the cells using TRIzol (Invitrogen, Carlsbad, CA, USA). Complementary DNA (cDNA) synthesis, and subsequent PCR reactions were performed using 500 ng of DNase-treated total RNA and an RNA-LAPCR kit (Takara) according to the manufacturer's instructions. b-Actin served as an internal control. The number of PCR cycles was set at 35 for TTF1, FOXA1, FOXA2, BRN2, LHX1, LHX2, LHX3, LHX4, LHX5, LHX6, LHX8, LHX9, and GATA6 and at 22 for b-actin. The nucleotide sequences of the forward and reverse primers are listed in Table 1 . The suitability of these primer sets for PCR was assured by Takara.
For qRT-PCR, cDNA was synthesized from DNase-treated total RNA using the SuperScript First-Strand Synthesis System according to the manufacturer's instructions (Invitrogen). The cDNA generated was used as a template in real-time PCR reactions with Fast SYBR Green Master Mix (no. 4385612, Applied Biosystems, Carlsbad, CA, USA). The reactions were run on a StepOnePlus real-time PCR system (Applied Biosystems). The primer sets used for TTF1 and b-actin are listed in Table 1 . The means and s.d. of the relative copy numbers relative to b-actin mRNA were obtained from triplicate PCR reactions.
Construction of Retroviral Vectors and Transfection
We used a retrovirus-based Tet-On Advanced Inducible Gene Expression System (pTet-On Advanced and pRevTRE; Clontech, Mountain View, CA, USA) to avoid difficulty in obtaining stable transfectants because of unexpected growth inhibitory effects caused by the transfected genes. 27 We selected TKB5 and TKB1 cells for transfection because these cells express undetectable or low levels of FOXA1, FOXA2, BRN2, LHX2, and LHX6. In addition, we selected A549 cells for transfection because A549 cells express undetectable levels of TTF1 in spite of an unmethylated TTF1 promoter (see Results and Supplementary Figure 1) . A pTet-On Advanced vector (Clontech) that expresses reverse tetracycline-controlled transactivator protein (rtTA) was initially transfected into TKB5, TKB1, or A549 cells using the FuGENE6 transfection reagent (Roche Molecular Biochemicals). After neomycin (1 mg/ml)-based selection for 3 weeks, stable transfectants were cloned. Next, the TTF1, FOXA1, FOXA2, LHX2, LHX6, and BRN2 cDNA-containing pRev-TRE vectors were constructed using the respective cDNAinserted cloning vector (pMD20; Takara). The respective cDNAs were synthesized from DNase-treated total RNA using the SuperScript First-Strand Synthesis System according to the manufacturer's instructions (Invitrogen) and amplified by PCR using a specific primer set (Table 1) and primeSTAR HS DNA polymerase (Takara). After sequencing, the desired cDNA-inserted pRevTRE vector (pTTF1 isoform 1, pTTF1 isoform 2, pFOXA1, pFOXA2, pLHX2, pLHX6, or pBRN2) or an empty pRevTRE vector (pEMPTY) was transfected into HEK-GP-293 cells using FuGENE6 (Roche Molecular Biochemicals). After 24 h, the conditioned medium was recovered as a viral solution. The desired genes were introduced by incubating pTet-On Advanced-transfected TKB5 cells with the viral solution and 10 mg/ml polybrene (Sigma-Aldrich) for 24 h. The cells were selected with hygromycin (500 mg/ml) for 3 weeks. To induce expression of the desired genes, the transfectants were cultivated in medium with 1 mg/ml doxycycline (Clontech) for 48 h before harvest. To validate the association of BRN2 with TTF1 expression, we established BRN2-inducible TKB1 and A549 cells using the same methodology. Recombinant TTF1 isoform 1 and 2 proteins used as positive controls in the western blot analysis were prepared through the transient transfection of pTTF1 isoform 1 and pTTF1 isoform 2 into stably pTet-On Advanced-transfected HEK-GP-293 cells.
To conduct a retrovirus-based siRNA experiment targeted to BRN2, two types of synthetic double-stranded oligonucleotide inserts specific for the production of BRN2 siRNAs were ligated in tandem with a promoter cassette and a linearized pSINsiDKI vector (Takara). The sequences of the BRN2 siRNA inserts and nonspecific scrambled control BRN2 induces TTF1 expression in SCLC M Sakaeda et al Table 1 Primer sets used in this study
Target
Primer sequences Product size (bp)
(NSC) siRNA inserts are shown in Table 2 . The siRNAproducing vectors, psiBRN2 and psiNSC, were transfected into HEK-GP2-293 cells with FuGENE6 (Roche Molecular Biochemicals); the desired genes were then introduced by incubating TKB15 or Lu139 cells (representatives of SCLC cell lines) with the viral solution containing 10 mg/ml polybrene (Sigma-Aldrich) for 24 h. The cells were selected with neomycin (1 mg/ml) for 3 weeks before being used for experiments.
Because it has been reported that BRN2 is a transcriptional repressor of cadherin 13 (CDH13), 32 we investigated changes in CDH13 mRNA expression levels after the forced expression/repression of BRN2 in lung cancer cells to examine whether pBRN2 and psiBRN2 functioned correctly. The CDH13-specific primer set is listed in Table 1 .
Chromatin Immunoprecipitation (ChIP) Assay A ChIP assay was performed using TKB15 cells (a representative SCLC cell line) and a kit (no. 9003; Cell Signaling Technology, Beverly, MA, USA) according to the manufacturer's instructions. Briefly, TKB15 cells were crosslinked by adding formaldehyde to the culture medium at a final concentration of 1% (V/V). After a 10-min fixation, the cells were washed with cold PBS, collected, and lysed with lysis buffer. The nuclei were collected and treated with micrococcal nuclease to digest the DNA. After stopping . The antibody/chromatin mixtures were precipitated with protein G magnetic beads, and the beads were sequentially washed with ChIP wash buffer for each ChIP reaction. The chromatin was treated with ChIP elution buffer and eluted from the antibody-protein G magnetic beads. Crosslinking was reversed through the addition of NaCl and proteinase K, and DNA was purified using spin columns. The forward and reverse PCR primers used to detect target sequences containing the potent FOX-, LHX-, and BRN2-binding sites are described in Table 1 .
Bisulfite Sequencing
Genomic DNA extracted from lung cancer cell lines was treated with sodium bisulfite using a MethylEasy DNA bisulfite modification kit (Human Genetic Signatures, Macquarie Park, Australia), according to the manufacturer's instructions. Genomic DNA (1 mg/20 ml) was denatured with NaOH (final concentration, 0.273 M) for 15 min at 37 1C and then treated with 220 ml of combined reagent 1 and reagent 2 for 16 h at 55 1C. The bisulfite-modified DNA was purified, precipitated, resuspended in reagent 3, and used for bisulfite sequencing. Four primer sets were constructed using promoter sequence data and primer design software (Table 1) .
Treatment with 5-Aza-2 0 -deoxycytidine and Trichostatin A The cells were treated with either 10 mM 5-aza-2 0 -deoxycytidine (AZA; Wako, Tokyo, Japan), which is a DNA methyltransferase inhibitor, for 72 h by exchanging the medium everyday or with 300 ng/ml trichostatin A (TSA; Wako), a histone deacethylase inhibitor, for 24 h. After treatment, total RNA was extracted, and quantitative RT-PCR was conducted as reported previously. 26 The equivalent volume of vehicle, 50% acetic acid for AZA (VCL1) or 100% ethanol for TSA (VCL2), was applied as a control.
Immunohistochemistry
The institutional ethical board of Kyorin University School of Medicine approved the examination of a series of 17 surgically resected primary lung tumor tissues. Immunohistochemistry was conducted using formalin-fixed, paraffin-embedded tissue sections of five SCLCs, five adenocarcinomas, five squamous cell carcinomas, and two typical carcinoid tumors. Consecutive tissue sections were stained with hematoxylin and eosin (HE) or immunostained using mouse monoclonal anti-TTF1 (M3575, clone 8G7G3/1; Dako), goat polyclonal anti-BRN2 (ab101726; Abcam), goat polyclonal anti-FOXA1 (sc-9186; Santa Cruz Biotechnology), goat polyclonal anti-FOXA2 (sc-6554; Santa Cruz Biotechnology), goat polyclonal anti-LHX2 (sc-19344; Santa Cruz Biotechnology), or rabbit polyclonal anti-LHX6 (sc-98607; Santa Cruz Biotechnology) antibody and an Envision detection system (Dako) after autoclave treatment to retrieve antigenicity of tissue sections. The dilution rates of the primary antibodies were 1:100 for TTF1, 1:200 for FOXA1, FOXA2, LHX2, and LHX6, and 1:500 for BRN2. Negative control immunostaining was performed with nonimmunized mouse, goat, or rabbit IgG (Santa Cruz Biotechnology) in place of the primary antibody. Table 2 Oligonucleotide sequences for the construction of psi-BRN2 and psi-NSC vectors siBRN2-1 (for psi-BRN2)
Abbreviations: F, forward sequence; NSC, nonspecific scrambled control; R, reverse sequence.
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Immunostaining was detected with diaminobenzidine (Dako), and the nuclei were counterstained with hematoxylin. The immunoreactivity was evaluated using a scoring system from 0 to 2: score 0 indicates no staining; score 1 indicates 1-50% positive cells; score 2 indicates 450% positive cells.
RESULTS

TTF1 Expression in Cultivated Lung Cancer Cells
TTF1 expression was found in all SCLC cell lines and two of four adenocarcinoma cell lines examined (Figure 1 ). SCLC and adenocarcinoma cells mainly expressed isoform 2 of TTF1. The amount of TTF1 in the SCLC cell lines was greater than that in the adenocarcinoma cell lines. We also obtained consistent qRT-PCR results for TTF1 protein expression levels in the two types of cell lines (data not shown). However, two of the four adenocarcinoma cell lines, the squamous cell carcinoma cell lines, and the large-cell carcinoma cell lines did not express detectable levels of TTF1.
Crucial Region for TTF1 Promoter Activation in SCLC
To identify the region of the TTF1 promoter required for gene activation, we conducted luciferase assays using full-length and truncated TTF1 promoter sequence-inserted luciferase vectors. Because the TTF1 expressed in cultivated lung cancer cells was mainly isoform 2, 1372 bp of the region upstream from the translation start site of isoform 2 was defined as the TTF1 gene promoter using computer software (Gene2Promoter, Genomatix, Munich, Germany; Figure 2a ). When tested with vectors containing the full-length or partial promoter sequences, TKB15 and Lu139 cells, which were used as SCLC representatives, revealed very similar luciferase activity patterns (Figure 2b ). The TTF1 isoform 1-regulating promoter sequence-inserted luciferase vector ( À 1031 to À 432; the number indicates the nucleotide position from the transcription start site ( þ 1) of the TTF1 isoform 2 gene) had B18-22% of the promoter activity of the full-length promoter sequence-inserted luciferase vector. The luciferase activity did not significantly change even when up to 967 bp of the 5 0 -terminal sequence of the TTF1 gene promoter was truncated; however, activity was severely diminished when Z1131 bp of the 5 0 -terminal sequence was removed (Figure 2b ).
Search for Neural/Neuroendocrine Phenotype-Specific Transcription Factor-Binding Sites Near the Transcription Start Site of the TTF1 Gene Promoter We searched for transcription factors that bind to the region adjacent to the transcription start site of the TTF1 isoform 2 gene using computer software (MatInspector, Genomatix) and referring to previous reports. Figure 3a shows a diagram of the region adjacent to the transcriptional start site of the TTF1 isoform 2 gene and potent transcription factor-binding sites. We found that LHXs and BRN2, which have been reported to be important transcription factors in developing neural cells, potentially bind to the region adjacent to the transcription start site of the TTF1 isoform 2 gene.
We next investigated the expression status of FOXA1 and 2, LHXs, and BRN2 in cultured lung cancer cells. As shown in Figure 3b , FOXA1 was expressed in all SCLC cell lines and in all adenocarcinoma and squamous cell carcinoma cell lines examined. However, in large-cell carcinoma cells, the signals were faint compared with the other cell lines. FOXA2 was expressed abundantly in most SCLC and adenocarcinoma cell lines and in one of two squamous cell carcinoma cell lines. Except for the SCLC cell lines, abundant FOXA1/FOXA2 expression did not entirely correspond with TTF1 expression. In contrast to FOXA1 and FOXA2, BRN2 expression was strictly limited to the SCLC cell lines. All SCLC cell lines examined expressed abundant BRN2. Although LHX2 and LHX6 were frequently expressed in the SCLC cell lines, some of the NSCLC cell lines also expressed LHX2, and three of eight SCLC cell lines did not express LHX6. Three SCLC cell lines modestly or weakly expressed LHX8, and two of eight NSCLC cell lines also weakly expressed LHX8. LHX1, LHX3, LHX4, LHX5, and LHX9 were not expressed in the lung cancer cell lines examined (data not shown). Weak GATA6 signals were detected in six of eight SCLC cell lines and in seven of eight NSCLC cell lines.
To examine the importance of potent FOXA1/FOXA2-and LHX/BRN2-binding sites upstream of the TTF1 gene, we next conducted TTF1 promoter mutation analyses. The luciferase activity induced by potent FOXA1/FOXA2-binding site-mutant or potent LHX/BRN2-binding site-mutant TTF1 promoters decreased B28-35% and 85-90%, respectively, compared with that induced by the full-length TTF1 promoter (Figure 3c ).
TTF1 Gene Activation by Transfection of Candidate Regulators
To examine whether the transcription factors mentioned above activate the TTF1 gene, we constructed FOXA1, FOXA2, LHX2, LHX6, and BRN2 retroviral vectors and transfected them into TKB5 cells. The desired gene products were sufficiently induced by 48 h of doxycycline treatment Figure 1 Western blot analysis of TTF1 proteins. Small-cell carcinoma (SmCC) cell lines expressed abundant TTF1. Weak TTF1 signals were found in two of four adenocarcinoma (AdC) cell lines, whereas two AdC cell lines and all squamous cell carcinoma (SqCC) and large-cell carcinoma (LaCC) cell lines examined were TTF1 negative. TTF1 isoform 2 was predominantly expressed in lung cancer cells. Recombinant TTF1 proteins (rTTF1 isoform 1 and isoform 2) were used as positive controls; b-actin (ActB) served as an internal control. Figure 4a) . In TKB5 cells, BRN2 induced the highest level of TTF1 expression, whereas TTF1 expression was weakly induced by FOXA1 and FOXA2 (Figure 4b ). LHX2 and LHX6 expressed in TKB5 cells did not affect TTF1 expression (Figure 4b ). TKB1 and A549 cells also upregulated TTF1 expression levels in association with forced BRN2 expression (Figure 4b ). The function of the expressed BRN2 was confirmed through the downregulation of CDH13 in pBRN2-transfected TKB5, TKB1, and A549 cells (Supplementary Figure 1) .
BRN2 induces TTF1 expression in SCLC
To determine whether BRN2 and FOXA1/FOXA2 bind to the promoter region crucial for TTF1 gene activation, a chromatin immunoprecipitation assay using TKB15 cells was conducted. Specific PCR products were amplified from the chromatin immunoprecipitates treated with anti-BRN2, anti-FOXA1, and anti-FOXA2 antibodies but not from the chromatin immunoprecipitates treated with anti-LHX2 or anti-LHX6 antibodies (Figure 4c ). The importance of BRN2 in TTF1 expression in SCLC cells was confirmed using siRNA experiments. BRN2 expression in TKB15 and Lu139 SCLC cells was effectively repressed by a psiBRN2 transgene (Figure 4d) , and the effect of BRN2 knockdown was validated by an increase in CDH13 expression in psiBRN2-transfected cells compared with psiNSC-transfected cells (Supplementary Figure 1) . TTF1 expression in TKB15 and Lu139 cells was decreased B23 and 24%, respectively, after BRN2-specific siRNA expression (Figures 4d and e) .
Epigenetic Modification of the TTF1 Promoter in SCLC Cells
To examine whether the TTF1 gene in SCLC cells is epigenetically modulated, we conducted bisulfite sequencing and compared the methylation levels of the TTF1 promoter with those of NSCLC cells. The location of the CpG islands in the TTF1 promoter and the amplified regions used for bisulfite sequencing are shown in the top panel of Figure 5 . Because the region we examined was very large, we divided it into four segments and conducted bisulfite sequencing on each segment (site A to site D). As shown in the bottom panel of Figure 5 , all SCLC cell lines showed very low levels of The promoter activity of TTF1 isoform 1 ( À 1031 to À 432) was B18-22% compared with the full-length promoter ( À 1031 to þ 341). The luciferase activity was maintained with a 967-bp truncation of the 5 0 -terminal sequence of TTF1 gene promoter. However, the luciferase activity of 1131 bp-and 1188 bp-truncated TTF1 gene promoter sequence-inserted luciferase vector markedly decreased. Luc, luciferase cDNA.
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M Sakaeda et al TTF1 promoter methylation, suggesting that no epigenetic modifications were present in the TTF1 gene promoter of SCLC cells. In contrast, as shown in Supplementary Figure 2 , a moderate degree of CpG methylation was found in all sites of large-cell carcinoma cell lines (TKB1 and TKB5) and in site B of one adenocarcinoma cell line (TKB14) and one squamous cell carcinoma cell line (TKB7). Relatively heavy CpG methylation was found in site D of one squamous cell carcinoma cell line (TKB4). However, A549, which did not express detectable levels of TTF1 (Figure 2 ), showed scarce CpG methylation in the TTF1 promoter.
To define whether TTF1 promoter methylation and histone deacetylation were involved in TTF1 expression and to what extent, we examined TTF1 expression alterations in TTF1-deficient lung cancer cell lines (TKB14, A549, TKB4, TKB7, TKB1, and TKB5) treated with AZA or TSA. Treatment with AZA or TSA weakly increased TTF1 expression levels in all TTF1-deficient cell lines (Supplementary BRN2 induces TTF1 expression in SCLC M Sakaeda et al Figure 3 ). However, the increased TTF1 expression levels were quite low compared with BRN2-expressing TKB5, TKB1, and A549 cells (Figure 4b) .
Expression of TTF1, BRN2, FOXA1, FOXA2, LHX2, and LHX6 in Lung Cancer Tissues We conducted immunohistochemistry staining using antibodies against TTF1, BRN2, FOXA1, FOXA2, LHX2, and LHX6 and a series of primary lung tumor tissues to validate the results obtained from the in vitro experiments. The results are summarized in Table 3 , and representative immunohistochemistry pictures using consecutive SCLC tissue sections are shown in Figure 6 . TTF1 expression was found in all SCLCs and adenocarcinomas examined. TTF1 revealed diffuse immunopositivity in clusters of SCLC cells as well as BRN2, FOXA1, and FOXA2 (Figure 6 ), and BRN2 expression was found only in SCLCs among the tumors examined. Although diffuse immunopositive staining of FOXA1 and FOXA2 was found in all adenocarcinomas, squamous cell carcinomas, and typical carcinoid tumors examined, TTF1 signals were not detected in squamous cell carcinomas and typical carcinoid tumors. LHX2 expression was observed in all SCLCs and two of two typical carcinoid tumors, and LHX6 expression was noted in four of five SCLCs and one of two typical carcinoid tumors. However, the positive cells for LHX2 or LHX6 in those tumors accounted for o10% of tumor cells ( Figure 6 ).
DISCUSSION
In this study, we investigated TTF1 gene expression regulation in SCLC and focused upon the associations of developmental neural cell lineage-specific transcription factors and epigenetic alterations of the TTF1 promoter. We found that isoform 2 of TTF1 is mainly expressed in lung cancer cells as reported previously, 33 and the TTF1 promoter assay results revealed that promoter sequences adjacent to the transcription start site of the isoform 2 gene are important for TTF1 expression in SCLC cells. Consequently, we defined that BRN2, which is a class III POU domain transcription factor and is involved in morphogenesis of diencephalon where TTF1 is specifically expressed, binds to and activates the TTF1 gene. We also revealed that the TTF1 promoter is Figure 5 Epigenetic modification of the TTF1 promoter in cultivated small-cell carcinoma cells. A schematic diagram showing CpG sites, the location of CpG islands, and bisulfite sequencing sites (site A to site D) in the TTF1 promoter region (top) and the results of bisulfite sequencing (bottom). In all small-cell carcinoma cell lines examined, the cytosines in CpG sites located in the TTF1 promoter were only slightly methylated. Open circles, unmethylated cytosines; closed circles, methylated cytosines. scarcely methylated in SCLC cells. Furthermore, immunohistochemical studies confirmed that BRN2 and TTF1 are coexpressed in SCLC cells. It has been reported that FOXA1/2 contributes strongly to lung morphogenesis and regulates TTF1 expression in the peripheral airway epithelium. 34 We examined the expression of FOXA1/2 using cultured lung cancer cells and primary lung tumor tissues and found that SCLC and NSCLC cells express abundant FOXA1/2. 35 However, we found discrepancies in the relationship between FOXA1/2 and TTF1 expression; all SCLC and adenocarcinoma cell lines expressing TTF1 showed FOXA1/2 expression, whereas there were FOXA1/2-expressing adenocarcinoma and squamous cell carcinoma cell lines without TTF1 expression. These findings indicate the existence of further undetermined indispensable transactivators or transrepressors for TTF1 expression. Our study may help define the mechanism of TTF1 expression in NSCLC cells in more detail because there are many potent binding sites for homeoproteins, which play important roles in the determination of cell fate and cell lineage, in the crucial promoter region we identified for TTF1 isoform 2 expression.
Because the TTF1 promoter possesses CpG islands, which are sensitive to epigenetic alteration, we investigated the methylation status of the TTF1 promoter region in cultivated SCLC cells using bisulfite sequencing. We found that the TTF1 promoter region is scarcely methylated in SCLC cells, suggesting that there is no epigenetic control of the TTF1 gene in these cells. We previously investigated the mechanism of expression of a gene, the insulin-like growth factor binding protein 2 (IGFBP2) gene, which possesses CpG islands in its promoter and regulates the function of IGF via direct IGF binding. 27, 36 Although the IGFBP2 gene is expressed in both NSCLC and SCLC, striking differences exist in the activating mechanisms and epigenetic modification of this gene in the two cell types. The IGFBP2 gene in NSCLC cells is activated by a transactivating factor, EGR1, and IGFBP2 gene expression is epigenetically silenced in these cells by the hypermethylation of the promoter in association with cancer progression. 36 In contrast, SCLC cells overexpress IGFBP2 as a result of promoter activation via binding of a neural/ neuroendocrine cell-specific basic helix-loop-helix transcription factor, NeuroD1, to the E-box, and the IGFBP2 gene promoter in SCLC is hardly methylated. 27 The results of the present study and our previous studies suggest that the TTF1 gene in SCLC might, like the IGFBP2 gene, be unaffected by epigenetic modifications that maintain the faithful transmission of cell type-specific gene expression patterns.
In addition, we observed the results that there was not a perfect correlation between TTF1 expression and methylation status of the TTF1 promoter in NSCLC cells (Supplementary Figure 2) and that the expression levels of TTF1 in NSCLC cells induced by ectopic BRN2 was much higher than those recovered by treatment of AZA or TSA (Figure 4b and Supplementary Figure 3) . These findings suggest that extreme variation of TTF1 expression among histologic types of lung cancers is not primarily caused by epigenetic regulation but by specific transcription factors involving TTF1 expression.
Immunohistochemical analysis using a panel of primary lung tumors demonstrated that both TTF1 and BRN2 were coexpressed only in SCLCs, whereas typical carcinoid tumors, Figure 6 Immunohistochemistry images using consecutive tissue sections of a small-cell lung cancer. TTF1, BRN2, FOXA1, and FOXA2 were diffusely expressed in the nuclei of small-cell lung cancer cells, whereas the nuclei of a small number of small-cell lung cancer cells showed positive staining for LHX2 and LHX6. HE, hematoxylin and eosin stain; bar ¼ 20 mm.
which are classified into low-grade malignant pulmonary neuroendocrine neoplasms, did not express these transcription factors (Table 3) . It has been reported that TTF1 is not expressed in low-grade malignant pulmonary neuroendocrine neoplasms (carcinoid tumors), 37 and our immunohistochemical results are consistent with this report.
Our in vitro and immunohistochemistry studies defined that, among lung tumors, SCLC specifically expresses BRN2. Taken together with previous reports, it is hypothesized that SCLC is a unique neoplasm expressing BRN2 and ASCL1, both of which are normally expressed in developing neural cells. Recently, it has been reported that a combinational transgene of BRN2, ASCL1, and MYT1L (myelin transcription factor 1-like) converts fibroblasts to functional neurons, suggesting the importance of BRN2 in transforming cells to a neural cell lineage. 38 Cook et al 39 reported that BRN2 acts to regulate growth and tumorigenesis in malignant melanomas, which are highly malignant neuroectodermal tumors. Therefore, BRN2 might participate in defining the cellular characteristics of SCLC cells as developing neural cells with high growth ability. Further investigations will be necessary to define the contributions of BRN2 to tumorigenesis and to SCLC progression.
In conclusion, we present here the molecular basis of TTF1 expression in SCLC. We found that a developing neural cell lineage-specific transcription factor, BRN2, was specifically expressed in SCLC among lung tumors and was involved in TTF1 expression. This finding indicates that TTF1 expression in SCLC is a lineage-specific phenomenon.
